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The origin of _,-ray bursts has been one of the great unsolved

mysteries in high-energy astrophysics for almost 30 years. The

recent discovery of fading sources at X-ray _ and optical 2'3 wave-

lengths coincident with the location of the _,-ray burst

GRB970228 therefore provides an unprecedented opportunity

to probe the nature of these high-energy events. The optical
counterpart appears to be a transient point source embedded in

a region of extended nebulosity _-6, the latter having been tenta-

tively identified as a high-redshift galaxy 3. This would seem to
favour models that place 3,-ray bursts at cosmological distances,

although a range of mechanisms for producing the bursts is still
allowed. A crucial piece of information for distinguishing between

such models is how the brightness of the optical counterpart
evolves with time. Here we re-evaluate the existing photometry of

the optical counterpart of GRB970228 to construct an optical light
curve for the transient event. We find that between 21 hours and

six days after the burst, the R-band brightness decreased by a

factor of _40, with any subsequent decrease in brightness occur-

ring at a much slower rate. As the point source faded, it also

became redder. The initial behaviour of the source appears to be

consistent with the 'fireball' model 7, but the subsequent decrease

in the rate of fading may prove harder to explain.

The 3_-ray burst of 28 February 1997, detected 8 with the Gamma-

Ray Burst Monitor on board the BeppoSAX satellite, and located
with an _3' radius position with the Wide Field Camera on the

same satellite, was the first for which a fading X-ray' and optical

counterpart 2'_'were discovered.

The optical counterpart was discovered 2_ from a comparison of

V- and 1-band images taken with the William Herschel Telescope

(WHT) on February 28.99 ul; and the Isaac Newton Telescope (INT;

V band) and the WHT (l band) on March 8.Sur. After the

counterpart had weakened by several magnitudes, it was found to
coincide with an extended object _''a. In subsequent observations

with the Hubble Space Telescope (HST) on 26 March and 7 April

1997, Sahu et al) _'found that the optical counterpart consists of a
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point source and an extended (_ l") object, offset from the point

source by _0.5". The extension is in the same direction as that seen

in the earlier ground-based observations.

In view of the importance of the optical light curve in constrain-

ing possible models of y-ray bursts, we have re-assessed the

photometric information presented by Van Paradijs et al), together

with more recent information in light of the HST findings, and

derived an optical light curve of the point source component of the

GRB counterpart.
In Table 1 we have collected the available optical photometry on

GRB970228. These results have been obtained in several passbands,

primaril_ V, R and I (effective wavelengths _5,500 A, _6,500 A and

_8,000A, respectively, corresponding closely to the Cousins VRI

system). As the R band occupies a central position relative to most

of the passbands used in the available observations, we have reduced

all photometry to the R band. In the required interpolations we have
assumed that the spectra of the point source and the extended
emission are similar to main-sequence stars (that is, not dominated

by emission lines). We have used the relation between the colour

indices V - R and V - I given by Th4 et al. H for late-type stars; for

bluer stars we have inferred this relation from the tables given by

lohnson _2for main-sequence stars and the colour transformations
to the Cousins VRI system given by BesselP '. For given magnitudes

V and I the uncertainty in the interpolated magnitude R is

determined by the uncertainty in the ratio c_ = (V- R)/I V- I),

because R = V - c_(V - I). Over the range in (V - l) covered by

the point source, this ratio c_ varies between 0.45 (at V - I = 0.7)
and 0.55 (at V - I = 2.0). We have made alternative estimates of_

from numerical integrations of pnwer-law flux distributions

(F(M _- X_, with fl ranging between - 4 and +2), and of Planck

functions (with temperatures between 3,000 and 10,000K), each
muhiplied by V, R and I response functions 14. We find that these

'theoretical' oe values cluster near 0.4, that is, only slightly smaller
than the values observed for stars. We conclude that if the flux

distribution of the optical counterpart is smooth, the uncertainty in

the interpolation of R from Vand I is unlikely to exceed 0.1 mag.

From the Vand I magnitudes obtained from the two HST images

(Table 1; to arrive at these values we applied a colour-dependent

correction term _) we infer that between the two HSTobservations

the point source became marginally fainter; the extended source did

not show a significant brightness change.

In the 28 February observation with the WHT the optical

transient is much brighter than any stead}, counterpart, and the

Table 1 Summary of optical observations

Date Time Telescope Magnitude Remarks
('JT)

Feb 28 184 BUT R - 211 _ 0.2 OT
Feb 28 194 RAO R - 205 +05 OT
Feb. 28 238 WHT V-213 t 01 OT
Feb. 28 238 WHT t = 20.6 ' 01 OT
Mar. 03 24 APO B 233 + 0.5 OT
Mar. 04 207 NOT V > 242 OT + ext.source
Mar. 06 7.7 Keck R - 24.0 OT + ext.source
Mar 08 207 INT V > 236 OT + ext source
Mar 08 212 WriT i > 222 OT + ext.source
Mar 09 215 INT R - 24.0+ 0.2 OT +ext. source
Mar 09 20.5 INT B - 25.4+ 0.4 OT +ext. source
Mar 13 0.0 N17 R - 24.3+ 0.2 OT + ext.source
Mar 26 9.2 HST V = 261 + 0.1 OT
Mar 26 112 HST 1-242 +01 OT
Mar 26 9.2 HST V - 249 + 03 Ext source
Mar. 26 11.2 HST I - 24.5 + 03 Ext source
Apr. 7 5.2 HST V = 264 * 0.1 OT
Apr. 7 72 HST I - 26.4 - 01 OT
Apr. 7 52 HST V = 252 _ 0.35 Exl source
Apr. 7 Z2 HST 1 - 243 - 0.35 Ext source

Abbreviations: OT, optical transient; ext source, extended sourcel BUT, Bologna University

Telescope; RAO, Rome Astrophysical Observatory: WHT, William Herschel Telescope; APO,

Apache Point Observatory; NOT. Nordic Optical Telescope; INT, Isaac Newlon TF,leacope;

HS_ Hubble Space Telescope
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latter's contribution can therefore be entirely neglected. From a re-

analysis of the images we confirm the (_,.; I) magnitudes for the

transient as given before e'_ (Table l), but those for the substantially

weaker nearby star are somewhat different: (V, I)= (23.0, 21.2).

The latter values are in good agreement with those obtained with the

HST: (V, I) = (23.0, 21.4).

Guarneri et aL l_ found no variable objects in B- and R-band

images taken with the Bologna University Telescope on February

28.76, and on March 1.81, 3.76, 4.82 and 5.86UT. However, a

subsequent analysis of these images confirms that the optical

transient is present on February 28.76 UT at the position given

by Groot et al. _ with R = 21.1 _+ 0.2 (A. Guarnieri, personal

communication).

Pedichini et aL _7confirmed the detection of the optical transient

on a Schmidt CCD image taken at the Rome Astrophysical Obser-

vatory on February 28.81 VT;it was then 1.6 _+ 0.5 mag brighter than

the nearby late-type star (for which R = 22.1); The broad-band
filter used in this observation had a peak at 7,000 A, similar to that of

the R band, but because its width is almost twice that of the latter the

inferred R = 20.5 _+ 0.5 may suffer from a colour effect. But because

on February 28.99u'r (at about the same brightness level)

V I = 0.7, this colour effect is likely to be small compared to

the quoted error of 0.5 mag.

In an observation with the Apache Point Observatory on March

3.1 tJ1; Margon et al. '_ detected the optical transient at

B = 23.3 _+ 0.5. We have inferred an estimated R-band magnitude,

by interpolating between the colour index B - R = 1.4, observed on

Table 2 TheR-band light curve of GRB970228

Date (ur) Telescope R (OT+ ext.source) R (OT)

Feb 28.76 BUT 21.1 +_0.2 21.1 ± 0.2

Feb 28.81 RAO 20.5 + 0.5 20.5 ± 0.5

Feb. 28.99 WHT 20.9 * 0.14 20.9 +_0.14

Mar 03.10 APO 222 + 0.7 22.3' ii'_

Mar 04.86 NOT >23.3 >236

Mar, 06.32 Keck 24,0 * 0.2 24.8',i,

Mar 08.88 INT + WHT >22.6 >22.8

Mar 09.90 INT 24,0 _+0.2 24.8 _fi,

Mar. t3.00 NTT 24,3 + 0.2 25.6:'i_

Mar. 26.42 HST 24.1 ÷ 0.2 25.17 ± 0.13

Apr. 07.23 HST 242 + 0.15 25.50 ÷ 0.13

Abbrevialions as Table 1,
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Figure 1 R-band light curve of the point source component in the optical
counterpart of GRB970228The R-banddata are from Table 2, andt represents the

time interval since the -c-rayburst occurred For reference, an exponential decay
with _-= 1.4days plus a constant is shown as a solid curve.

9 March (see Table 1), and a value for this colour index on 28

February, B - R = 1.1, inferred from the observed V - I, assuming

again that the (B - R, V - I) relation follows that of main-sequence

stars. This estimate of R involves an extrapolation rather than an

interpolation (as with V and I observations); this entails an addi-

tional uncertainty, which we conservatively estimate at 0.5 mag. The

corresponding R-band magnitude on March 3.1trT then is
22.2 + 0.7.

In the 4 March observation with the Nordic Optical Telescope,
and the 8 March observations with the WHT and the INT, the

counterpart was not detected (see Table 1 for the upper limits).
In the 9 March observation with the INT and the 13 March

observations with the ESO New Technology Telescope (NTT), the

source is detected. In the NTT image the source appears extended;

this was found _°independently from images obtained with the Keck

Telescope. The direction of this offset is consistent with being caused

by the faint extended emission detected with the HST observations.

We have transformed the collection of V, R and I magnitudes to

one common R-band magnitude, in the following way. For near-

simultaneous Vand/observations we have used the ( V - I, V - R)

relation (see above) to get R= V-(V-R). In case no such

simultaneous observations are available, we have interpolated

linearly in the relation between (V, V- I) obtained from the 28

February and the HSTobservations. We have collected these results
in Table 2.

We note that the R-band magnitude for the combined point

source plus extended component obtained from the HST images

(Table 2) differs substantially from the value, R = 24.9 + 0.3, given

by Metzger et al. _ on 5 and 6 April 1997. Moreover, their conclusion

that the component causing the earlier (ground-based) images to

appear extended has faded below detection level seems difficult to
reconcile with the HST observation that both in the V and l bands

the extended component is at least as bright as the point source.

We have subtracted the contribution of the extended component

from the ground-based results. From the corrected HST magnitudes

(see above) we infer that the R-band magnitude of the extended

component (averaged over the two HST observations) is

R = 24.7 _+0.3. These corrected R-band magnitudes for the point

source are also given in Table 2.

The R-band light curve obtained from our analysis of the

available photometry is shown in Fig. 1, in which we have plotted

R versus log t, where t is the time since the y-ray burst occurred.

A single power-law decay of the flux (that is, F_(t) zc t ") during

the entire 38-day period does not represent the data well. The upper

limit on R obtained on 4 March and the R magnitude measured on 6

March are incompatible with such decay, which in Fig. 1 would be

represented by a straight line.

The initial decline, between 28 February and 6 March was much

faster than that after 6 March. Before 6 March the average decay rate

was 0.7+°_2_mag d _, during the month following 6 March it was
_002 I

0.02 (_.o4magd . Expressed in terms of a power-law exponent or,
2 1+°'_the average decay before 6 March corresponds to o_ = . _,

whereas after 6 March we find _¢ < 0.35. Expressed in terms of an

exponential decay time r of the R-band flux, we find before 6 March

r _ 1.4 d, and afterwards r > 25 d.

As the point-source component of the optical transient became

fainter, it also became redder, from V - I = 0.7 at V = 21.3 (28

February) to V- I = 1.9 at V= 26.1 (26 March), and V- I = 1.8

at V = 26.4 (7 April).

The exponent of the power law describing the decay of the X-ray

afterglow of GRB970228, as obtained from the results given by

Costa et al. _ and Yoshida et al. 2", is (xx = 1.4 _+ 0.2. A comparison of

this value with the initial power-law slope of the optical brightness

decay indicates that during the first week after the ",/-ray burst the

optical transient decayed more rapidly than the X-ray transient.

From recent comparisons _''-_of the optical and X-ray observations

of GRB970228 with predictions of the 'fireball' model (see, for
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example, Meszaros 7) it has been concluded that this model is

consistent with the initial decay of the ",/-ray burst afterglow. We

note however, that the decay does not continue beyond 6 March.

This slow-down of the brightness decrease after 6 March may be the

result of changes in one or more factors determining the optical

emission, such as changes in source geometry, or optical depth

effects. It may signal the changeover to a different dominant energy

source. If y-ray bursts are the result of mergers of neutron star

binaries (see, for example, Piran 22 and references therein), decay of

radioactive nuclei produced by de-neutronization of neutron-star

matter 23 may play a role. []
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